Pan Y-X. Hepatic cellular senescence pathway genes are induced through histone modifications in a diet-induced obese rat model. Am J Physiol Gastrointest Liver Physiol 302: G558 -G564, 2012. First published December 22, 2011; doi:10.1152/ajpgi.00032.2011.-Overnutrition, such as a highfat (HF) diet, is a feature followed by some in developed nations that leads to obesity and fatty liver disease. In rats, when fed a fat-high diet, some develop obesity (obesity prone, OP) while others display an obesity-resistant (OR) phenotype. The present study investigated the differences between OP and OR rats on their activation of hepatic cellular senescence pathways on a HF diet. Male OP and OR rats were fed a HF diet containing 45% kcal from fat for 13 wk, and livers were collected for analysis by quantitative real-time PCR, Western blot, and chromatin immunoprecipitation. OP rats were 41% heavier than OR rats, despite consuming the same amount of food. Triacylglycerol levels were increased significantly in both plasma and liver of OP rats. Gene analysis demonstrated a significant increase of both the amount and the transcription rates of p16
INK4a
coding region. The increase of p21
Cip1 was associated with increased acetylation of both histone H3 and H4 and decreased trimethylation of histone H3 lysine-27 at the p21 Cip1 promoter. In the p21 Cip1 coding region, dimethylation of histone H3 lysine-4 was significantly higher (P Ͻ0.05) in livers of OP rats compared with OR rats. aging; stress; chromatin; cancer; nonalcoholic fatty liver disease BECAUSE OF THE PALATABILITY and accessibility of energy-dense food, the prevalence of obesity and the mortality from related diseases continues to rise (37) . In the United States, 20% of the population is obese, and an additional 30% is overweight, and these numbers are still increasing (34) . Obesity is highly associated with chronic metabolic diseases, including hypertension, type 2 diabetes mellitus, coronary heart disease, gallbladder disease, dyslipidemia, and nonalcholic fatty liver disease (NAFLD) (29, 33) . NAFLD is a significant health problem that affects 30% of American adults (43) . Individuals with NAFLD have the accumulation of triacylglycerols (TAGs) in the liver (26) and show a wide spectrum of liver disorders (8) . Several metabolism-related pathways are involved in the accumulation of TAGs in liver, such as imflammatory response and lipid synthesis, detoxification, and oxidation (21) . However, the pathogenesis of NAFLD remains to be illustrated. Cellular senescence is a form of growth arrest that results in withdrawal from the cell cycle during stress responses. Two separate processes lead to hypophosphorylation of retinoblastoma protein (Rb) to induce senescence: stress-induced senescence mediated by activation of the p16
INK4a pathway and replicative senescence mediated by p21
Cip1 signaling and telomere shortening (2) . p16 INK4a , or inhibitor of cyclin-dependent kinase (CDK) 4a, is a cell cycle control gene that inhibits the formation of CDK4/cyclin D complex (38) , which controls the arrest of the progression from the first gap phase (G1) to DNA synthesis (S) (28) . p21
Cip1 , or cell cycle inhibitory protein 1, affects the activities of cyclin D-, E-, and A-dependent kinases (39) . Both p16 INK4a and p21 Cip1 inhibit the formation of CDK/cyclin complexes, thereby decreasing the phosphorylation of downstream Rb (27) . Hypophosphorylation of Rb increases its binding to transcription factor E2F, which causes a decrease of E2F-regulated transcription of downstream DNA synthesis-related genes responsible for cell progression from G1 to S phase (6) .
The diet-induced OP or OR models have been used to study the etiology of obesity (3, 5, 14 -18, 20, 23, 32, 35) . To examine the differences in liver pathophysiology, we fed both OR and OP rats a high-fat (HF) diet to best achieve the characteristic phenotype of the model. Our focus in the present study is to investigate the differential response of the cellular senescence pathway in the livers of OP and OR rats and the potential regulatory mechanisms associated with the activation of the pathway genes.
MATERIALS AND METHODS
Animal treatments. OP and OR male rats were obtained from Charles River Laboratories (Wilmington, MA). These rats originate from a line of Crl:CD (SD) rats [Charles River Laboratories strain CD(SD) and substrain Crl] with two lines being developed from the outbred colony: the OP(CD) (obese prone) become obese when fed HF diets, and OR(CD) (obese resistant) do not become obese when fed HF diets. Five-week-old rats were fed a HF diet (Table 1) containing 45% kcal from fat for 13 wk. Animals were kept individually in standard polycarbonate cages in a humidity-and temperaturecontrolled room on a 12:12-h light-dark cycle and had free access to food and water. Food intake and body weight of the rats were recorded throughout the 13-wk feeding study. Food intake data are presented as the weight of food taken per gram body weight of individual rats. After 13 wk, the animals were killed, and the left lobe of the whole liver was collected, rapidly frozen in liquid nitrogen, and stored at Ϫ70°C for future analysis. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Illinois.
TAG assay on plasma and liver tissue. Frozen liver samples (100 mg) were ground using a mortar and pestle with liquid nitrogen and mixed with 0.3 ml saline (0.9% wt/vol NaCl). Homogenized samples were quickly frozen in liquid nitrogen and kept at Ϫ70°C until analysis. The samples were quickly thawed at 37°C and diluted five times to 1.5 ml. Twenty microliters of the diluted samples were incubated with 20 l of 1% deoxycholate at 37°C for 5 min, and 10 l of the samples were analyzed via the Thermo Infinity Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific, Rockford, IL) following the manufacturer's protocol and using a commercially available standard reference kit (Verichem Laboratories, Providence, RI). Lowry assay was performed to determine the protein concentration to normalize the triacylglyceride concentration in liver. To determine plasma TAG levels, plasma samples were thawed on ice and analyzed as mentioned above.
Hepatic pathological evaluation. Frozen liver samples from each OP and OR rat were embedded in Tissue-Tek OCT compound (VWR, Radnor, PA) on dry ice, and three sections were cut from each sample at a thickness of 7 m and mounted on glass slides. Standard hematoxylin-eosin staining was performed. Images were obtained using a NanoZoomer Slide Scanner and NDP View software (Hamamatsu, Bridgewater, NJ). Ten ϫ40 light microscopic fields were examined on each section for each rat liver to obtain a representative view of the sample.
RNA isolation and cDNA synthesis. Frozen liver samples (50 -100 mg) were ground using a mortar and pestle with liquid nitrogen, and total RNA was extracted with TRI reagent (Sigma, St. Louis, MO) according to the manufacturer's protocol. RNA samples were incubated with DNase I (Roche, Mannheim, Germany) at room temperature (RT) for 20 min, followed by 10 min in a 90°C heat block to prevent contamination by genomic DNA. A high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) was used for reverse transcription of 2 g of total RNA from all samples. Reverse transcription PCR was performed in a 2720 Thermal Cycler (Applied Biosystems) with 20 l reaction volume with the following program: 25°C for 10 min, 37°C for 2 h, and then 85°C for 5 s. The 20-l reaction was diluted to 400 l using RNase-free water (Fisher, Fair Lawn, NJ) and stored at Ϫ20°C.
Real-time quantitative PCR. To measure the relative expression level of target genes, qPCR was performed in a 96-well plate using a 7300 real-time PCR System (Applied Biosystems). Five microliters of cDNA, at a final concentration of 5 ng/l, were mixed with 10 l SYBR Green master mix (Quanta Biosciences, Gaithersburg, MD) and 1 l each of 5 mol forward and reverse primers. The reaction was incubated using the following program: 95°C for 10 min, followed by 35 cycles of 95°C for 15 s, and 60°C for 1 min. To detect the exponential phase of amplification in each well, a dilution series was included for each plate as a standard curve. Efficiency of the machine was ensured by checking that the slope of the standard was in the range of Ϫ3.3 Ϯ 0.3 and that the R square value was larger than 0.98. A dissociation curve was included to check the presence of a unique PCR product. Ribosomal protein L7a was unchanged and used as the internal control. Primers used for PCR were designed using Vector NTI software (InforMax, Frederick, MD) and listed in Table 1 .
Transcription rate determination. Total RNA was treated with DNase I to eliminate any DNA contamination. To measure the transcription rate from the p16
INK4a and p21 Cip1 genes, oligonucleotides derived from p16
INK4a and p21 Cip1 introns and exons were used to measure unspliced pre-mRNA. This procedure was adapted from a method described by Lipson and Baserga (24) , except that pre-mRNA amounts were quantified by real-time PCR. As a negative control, PCR reactions without reverse transcriptase were performed to detect amplification from any residual genomic DNA. The reactions were amplified through 35 cycles of 95°C for 15 s and 58°C for 60 s. After PCR, melting curves were acquired by a stepwise increase of the temperature from 55 to 95°C to ensure that a single product was amplified in the reaction.
Nuclear extraction, protein isolation, and Western blotting. Phosphorylation of liver Rb protein was used as the marker of liver senescence and aging. Western blotting was performed to detect the amount of p21
Cip1 and phosphorylated Rb protein. Fifty micrograms of frozen liver were ground in liquid nitrogen and suspended in 500 l protein sample buffer [0.125 M Tris·HCl, pH 6.8, 5% (vol/vol) 2-mecaptoethanol, 1% (wt/vol) SDS, 20% (vol/vol) glycerol, 0.4% (wt/vol) bromphenol blue, 1ϫ protease inhibitor, and 1ϫ phosphatase inhibitor]. Protein samples were sonicated (model 100 Sonic Dismembrator; Fisher Scientific, Pittsburgh, PA) on ice for 25 pulses with the power set at two. To extract nuclear protein, 200 mg of frozen liver were ground in liquid nitrogen. Buffer A [10 mmol/l HEPES, pH 7.9, 10 mmol/l KCl, 1.5 mmol/l MgCl 2, 1 mmol/l EGTA, 200 mmol/l sucrose, 1 mmol/l dithiothreitol (DTT), 1 mmol/l phenylmethylsulfonyl fluoride (PMSF), 0.5% (vol/vol) Nonidet P-40, 1ϫ protease inhibitor, and 1ϫ phosphatase inhibitor] and buffer B (1 mmol/l DTT, 1 mmol/l PMSF, 1 mmol/l EGTA, 1ϫ protease inhibitor, and 1ϫ phosphatase inhibitor, in PBS) were applied to separate nuclear and cytoplasmic proteins. Standard Lowry assay was performed to determine the protein concentrations of all samples, and samples containing 45 g of protein were resolved by 10% SDS-PAGE. A wettransfer protocol was performed to transfer protein to a PVDF membrane. The membrane (0.2 m; Bio-Rad, Hercules, CA) was blocked in 5% BSA in 30 mmol/l Tris base, pH 7.6, 200 mmol/l NaCl, and 0.1% Tween 20 (TBS/T) for 1 h at RT. The membrane was then incubated with rabbit monoclonal antibody against phospho-Rb or p21 Cip1 (Cell Signaling or Santa Cruz Biotechnology, see Table 2 ) in 5% BSA in TBS/T at RT for 1 h. After being washed in 5% nonfat dry milk in TBS/T five times for 5 min, the membrane was then incubated with peroxidase-conjugated secondary antibody (Kirkegaard & Perry Laboratories, Gaithersburg, MD) in 5% nonfat dry milk in TBS/T at 1:10,000 dilution and horseradish peroxidase-linked anti-biotin secondary antibody (Cell Signaling) for 1 h at RT. The membrane was then washed again as described above. The secondary antibody was detected by applying the Super Signal West Dura Extended Duration Substrate kit (Thermo Scientific), and images were captured and analyzed by a Chemi Doc system (Bio-Rad) and Quantity One software (Bio-Rad).
Chromatin immunoprecipitation. To determine the specific chromatin modification at each gene, chromatin immunoprecipitation (ChIP) analysis was employed according to a modified protocol (4). Frozen liver samples (200 mg) were ground using a mortar and pestle with liquid nitrogen and washed with PBS. The samples were resuspended in PBS and cross-linked in 1% formaldehyde for 10 min at RT. After centrifugation, the pellet was resuspended in nuclei swelling buffer containing protease inhibitor and phosphorylation inhibitor. The nuclei were lysed in SDS lysis buffer containing protease inhibitor and phosphorylation inhibitor. The chromatin was sonicated (model 100 Sonic Dismembrator; Fisher Scientific) on ice with six bursts for 40 s at power setting 5 with 2-min cooling intervals between each burst. After removing the cell debris, sheared chromatin was diluted in ChIP Dilution Buffer to 10 ml to perform 10 immunoprecipitations. Diluted lysate (1 ml) was incubated overnight on a hematology mixer (model 346; Fisher Scientific) with 2 g of primary antibodies (from Santa Cruz Biotechnology or Millipore, see Table 2 ) at 4°C. Preblocked salmon sperm DNA/protein G agarose beads (60 l, 50% slurry; Upstate Biotechnology, Lake Placid, NY) were then added to each chromatin sample, followed by 2 h of incubation at 4°C. The mixture was then centrifuged for 1 min at 4°C. Supernatant of normal rabbit IgG was saved as an input control. The pellets containing immunoprecipitated complexes were washed sequentially with 1 ml of low-salt solution, high-salt solution, and LiCl solution and two times with TE (pH 8.0). Antibody-protein-DNA complexes were eluted from protein G beads by twice adding 250 l elution buffer (1% SDS and 50 mM NaHCO 3) followed by shaking at 37°C for 15 min and flash centrifugation at RT. The elution volumes were combined and incubated at 65°C for 5 h with 20 l of 5 mol/l NaCl and 1 g of RNase A (Qiagen, Hilden, Germany) to reverse the formaldehyde cross-linking and release the DNA fragments. Samples were then treated with proteinase K (Sigma) at 37°C for 1 h to remove protein. DNA was purified with a DNA miniprep system (Qiagen). Immunoprecipitated DNA was used for real-time PCR reaction to detect different regions of the p16
INK4a and p21 Cip1 genes. Primers were designed using Vector NTI software and listed in Table 3 .
Statistical analysis. Results are expressed as means Ϯ SE (animal nos. of specific experiments are described in the legends for Figs. 1-6). Body weight and food intake data were tested using one-way repeated-measures ANOVA (SAS software). Comparison of mRNA expression, protein level, and histone modification between OP and OR groups was performed by one-way ANOVA by using the proc GLM program in SAS version 9.1 (SAS Institute, Cary, NC). Differences were considered significant at P Ͻ 0.05.
RESULTS
Body weight, TAG in plasma and liver were higher in OP than OR rats. Food intake (per g body wt) did not differ between OP and OR rats throughout 13 wk of feeding (Fig. 1A) . Body weight of OP rats was significantly higher compared with OR rats (Fig. 1B) . Body weights of OP rats was on average 40.4% higher than OR rats at the end of the 13-wk feeding experiment, similar to results found in other studies from Charles River Laboratories using these rats. TAG concentrations in both plasma and liver were significantly higher in OP than in OR rats. The plasma TAG level was 1.48 times higher (P Ͻ0.0002) in OP rats compared with the OR group (Fig. 1C) . In liver, TAG concentrations were 28% higher (P Ͻ 0.02) in the OP group compared with OR (Fig. 1D) .
Changes of liver histology. Photomicrographs of liver sections stained with hematoxylin and eosin are shown in Fig. 2 . Liver sections from OR rats showed mild liver steatosis ( Fig.  2A) . The liver histological findings in OP rats showed they had developed steatohepatitis and ballooning degeneration, which was predominantly microvesicular and involved zone 3 (or perivenular) hepatocytes (Fig. 2B) .
Cellular senescence genes were elevated in livers of OP than OR rats. p16
INK4a and p21 Cip1 mRNA levels were significantly higher (P Ͻ0.05) in livers of OP rats compared with OR (Fig. 3A) . The p53 mRNA level was lower in OP rats (P Ͻ0.04), and no significant difference was observed in the level of p27 mRNA (Fig. 3B ). The transcription rates of p16
INK4a and p21 Cip1 were significantly higher in livers of OP rats compared with OR (Fig. 3C) . Forward (p16 ϩ 12F), 5=-TGC AGA TAG ACT AGC CAG GGC A-3= mRNA ENSRNOT00000066011 Reverse (p16 ϩ 76R), 5=-CTT CCA GCA GTG CCC GCA-3= p16 Forward (p16Ϫ61F), 5=-ACT GGG CGG GCA CTG AAT CTC-3= ChIP promoter Reverse (p16 ϩ 101R), 5=-TTC GGG GCG TTT GGT GAA G-3= p16
Forward (p16 ϩ 5829F), 5=-CGG GTC ACC GAC AGG CAT AA-3= ChIP coding and transcription rate Reverse (p16 ϩ 5889R), 5=-TTG GAC CAC CCA TGC TCA CC-3= p16
Forward (p16 ϩ 7947F), 5=-TCC GAG TCC CCA TCT GTG ACT GT-3= ChIP downstream Reverse (p16 ϩ 8016R), 5=-TGG AGG ATG GAT TGG AGC ACC-3= p21
Forward (p21 ϩ 5100F), 5=-CCG AGA ACG GTG GAA CTT TGA C-3= mRNA and ChIP ENSRNOT00000000628 Reverse (p21 ϩ 5171R), 5=-GAA CAC GCT CCC AGA CGT AGT TG-3= p21 Forward (p21Ϫ320F), 5=-GAC AGA CCT GTA AAC GCT CAA C-3= ChIP promoter Reverse (p21Ϫ233R), 5=-ACA CCT GCT TGT CAC GCA-3= p21 Forward (p21Ϫ5200F), 5=-GGC TCA CTT ACA CTT CCC AG-3= ChIP upstream Reverse (p21Ϫ5125R), 5=-GGT TTC ATT GGC TGG AGC-3= p21 Forward (p21 ϩ 6388F), 5=-AAA ACG GAG GCA GAC CAG-3= Transcription rate Reverse (p21 ϩ 6450R), 5=-TCC CGC AGT ATC TTG CCT-3= p27 Forward (p27 ϩ 1118F), 5=-GTG TCC TTT CGG TGA GAA CTG ATC-3= mRNA ENSRNOT00000049848 Reverse (p27 ϩ 1189R), 5=-CAA CTC CCT GTG GCG ATT ATT C-3= p53 Forward (p53 ϩ 932F), 5=-CTT ACC ATC ATC ACG CTG GAA GAC-3= mRNA ENSRNOT00000046490 Reverse (p53 ϩ 1005R), 5=-GCA CAA ACA CGA ACC TCA AAG C-3= L7a
Forward (L7a ϩ64F), 5=-GAG GCC AAA AAG GTG GTC AAT CC-3= mRNA ENSRNOT00000006754 Reverse (L7a ϩ127R), 5=-CCT GCC CAA TGC CGA AGT TCT-3=
Rb senescence pathway was induced in OP rats when compared with OR. p21
Cip1 protein level was found to be significantly higher (P Ͻ0.04) in livers of OP rats compared with OR (Fig. 4A) . p16
INK4a commercially available antibodies were unable to detect protein in our samples. To gauge the response to the chronic stress in obese rats with fatty liver, cellular senescence and aging were examined by looking at the levels of proteins in the Rb pathway. Phosphorylated Rb protein was decreased (P Ͻ0.002) in OP rats (Fig. 4B ), which correlated with the increase of p16
INK4a and p21
Cip1
. To show the upstream activation of p16 INK4a , we also examine the transcription factor expression. The protein level of Ets1, a transcription factor activating p16
INK4a transcription, was also increased 2.5-fold in the livers of OP rats, whereas protein content of Id1, a transcription repressor, was unchanged (Fig. 4C) .
Chromatin modifications on the p16 INK4a gene differed between OP and OR rats. ChIP assays were performed to investigate the possible chromatin modifications occurring in the livers of OP and OR rats. Figure 5A shows the p16
INK4a gene structure and primer locations. Our result shows that the acetylation levels of histone H4 at the p16
INK4a promoter and coding region were significantly higher (P Ͻ0.003) in OP rats compared with OR (Fig. 5B) . On the other hand, the methylation level of histone H3 lysine-27 was lower (P Ͻ0.003) in the p16
INK4a coding region in OP rats compared with OR. There was no significant change in histone modification in the 3=-downstream region of the p16
INK4a gene.
Histone modifications on the p21
Cip1 gene differed between OP and OR rats. To study the mechanisms of transcriptional regulation of p21 Cip1 mRNA, ChIP assay was employed to examine different regions of the p21
Cip1 gene. Figure 6A shows the p21
Cip1 gene structure and primer locations. Our result shows that acetylation levels of both histone H3 (P Ͻ0.02) and H4 (P Ͻ0.02) were increased significantly at the p21 Cip1 promoter (Fig. 6B) . We observed that trimethylation of histone H3 lysine-27 (P Ͻ0.05) was also decreased at the p21 Cip1 promoter. In the p21
Cip1 coding region, dimethylation of histone H3 lysine-4 was significantly higher (P Ͻ0.04) in livers of OP rats compared with OR rats. There was no significant change in histone modification in the 5=-upstream region of the p21 Cip1 gene.
DISCUSSION
This is the first report, to our knowledge, to demonstrate the difference in the activation of the hepatic cellular senescence pathways through significant increase of p16
Cip1 expression levels between OP and OR rats. We also demonstrated that the induction of senescence and aging pathways in OP rats via p16 INK4a and p21 Cip1 is associated with chromatin modifications.
The expression of CDK inhibitors is an indicator of aging and senescence in cells and tissues (2) . In response to DNA damage, long-term changes in p21
Cip1 expression were reported, in association with p53 and Rb protein (1). Senescence stress has been shown to affect p16 INK4a expression, which further led to cellular senescence in cells (2, 22) . p16
Cip1 can bind to CDK and inhibit the phosphorylation of Rb protein by CDK (27) . While most studies [as detailed in review (31) ] focus on the role that cell cycle control genes play in hepatocellular carcinoma, cellular senescence in pancreatic islet cells and kidney was observed in low-birth-weight offspring after catch-up growth (25, 41) . Our study showed that the p16
INK4a
-and p21
Cip1
-Rb senescence pathways were induced in livers of OP rats. Our histology data also showed the severity of NAFLD in OP rats was worse, which correlates with the increased senescent pathways found. We previously published that a maternal HF diet increases p16 as well as lipid accumulation in livers of adult offspring (42) , and the current study provides additional data showing that these two events are potentially occurring in conjunction with each other. There is currently very little research connecting fat accumulation and cellular senescence, so further studies, both animal and cell, will be needed to clarify the direct relationship between these two events, both at the molecular and physiological levels.
The regulatory mechanisms of p16 INK4a and p21 Cip1 related to cellular senescence are unclear. Oncogenic Ras/Raf may induce p16 expression by activating Ets family transcription factors (11) ; Ets factors interact with Id transcription factors (30) , which are repressed during senescence (12) . We observe a significant increase of Ets1 protein, which is consistent with p16
INK4a activation. However, our ChIP results (data not shown) were unable to show significant difference between Ets1 binding to the promoter region of p16 INK4a . It is possible the transcription factors at the promoter region were in a complex not being recognized by antibodies. Other studies show that p16
INK4a was regulated by the state of its chromatin (9, 19) . Aberrant methylation of CpG islands in the p16 INK4a promoter is involved in many types of cancers (13, 40) . Whether DNA methylation is involved in modifying cell cycle genes of OP individuals is not clear. In our study, acetylation of histone H4, which is considered a transcriptional activator (7), was significantly increased at both the p16
INK4a promoter and coding region of OP rats. Meanwhile, trimethylation of histone H3 lysine-27, which is reported to be a suppressor of transcription, was decreased significantly at the p16
INK4a coding region. These histone modifications on the p16
INK4a gene may contribute to the mRNA level increase we observed in livers of OP rats, which then induces the cellular senescence pathway. The p21
Cip1 gene is regulated by a plethora of transcription factors and transcriptional regulators, and its activation is accompanied by histone hyperacetylation (10, 36) . In our study, the activators of transcription [acetylation of histone H3 (H3Ac) and H4 (H4Ac)] were increased at the p21 Cip1 promoter in OP rats. Dimethylation of histone H3 lysine-4 (H3K4Me2), which acts as an activator of gene transcription (7), was significantly higher in livers of OP rats compared with OR trimethylation of histone H3 lysine-27, which is a suppressor of gene transcription and which was decreased at the promoter of p21
Cip1 in OP rats compared with OR. Taken together, histone modifications at the p21 Cip1 promoter and coding regions may explain the potential mechanisms behind the increased p21
Cip1 mRNA expression in the OP population.
Overall, our study demonstrates that, in the current model of OP rats, an activated hepatic cellular senescence pathway through enhanced p16 and p21 level in the OP group was accompanied by elevated TAG accumulation compared with the obese-resistant rats. The pattern of increased gene expression was associated with histone modification in two groups, and these epigenetic modifications correlated to the tendency of two strains to be resistant or prone to obesity. These changes may affect control of self-renewal and multilineage differentiation capacities of hepatic regenerative cells, and the simultaneous decline in the regenerative capacity and changes in number of functional stem cells may increase the risk to develop obesity-associated diseases. To support the hypothesis that these senescence markers correlate with disease progression, it will be necessary to design future experiments, including disease state and age-matched controls, to explore the possible mechanisms involved.
GRANTS
This project was supported by the United States Department of Agriculture Cooperative State Research, Education, and Extension Service, Hatch project no. ILLU-698-374.
DISCLOSURES
No conflicts of interest are declared by the authors. 
